Changes in cardiac myosin heavy chain (MHC) gene expression and isozyme transitions have been shown to be caused by developmental changes, hemodynamic overload, or the activity of various hormones. In this study, to examine whether caffeine, which has teratogenic effects on the fetal cardiovascular system, causes the distribution of cardiac MHC phenotype and, if so, to evaluate the mechanisms of the distribution of cardiac MHC phenotype by caffeine, we examined the effects of caffeine, theophylline, and cAMP on the cardiac MHC isoform transitions at the gene and protein levels using hypothyroid adult rats. Furthermore, we examined the expression of aY-and f3-MHC gene in cardiac muscles of fetuses whose dams had received caffeine. The results showed that caffeine, theophylline, and cAMP caused accumulations of a-MHC mRNA and MHC isozyme V1. Furthermore, in the fetal hearts, it was recognized that caffeine induced an accumulation of cr-MHC gene expression, as was also seen in the dams. However, this effect of caffeine on the heart was stronger in the fetus than in the dam. Intracellular cAMP concentration was increased by the administration of caffeine, theophylline, or cAMP, and the levels showed a positive correlation with those of cr-MHC mRNA. These results suggest that the induction of ar-MHC mRNA expression by the administration of caffeine may be induced by an increase in intracellular cAMP concentration.
H emodynamic overload, either pressure or volume induced, has been shown to cause cardiac 13-myosin heavy chain (,13-MHC) to a-myosin heavy chain (a-MHC) isoform transition in rat and rabbit ventricles'-4 and human atria.5-7 Furthermore, various hormones, including thyroid hormones,8-13 insulin, 14 glucocorticoids,15 sex steroids, 16 and growth hormone,'7 can modulate the phenotypic expression of aand ,B-MHCs. Caffeine is widely distributed in foods, drugs, and beverages. Exposure to caffeine from a variety of sources during pregnancy appears to be very common'8; caffeine crosses the placenta easily and enters the fetal circulation.1920 Experimentally, high doses of caffeine given to pregnant mice and rats induce skeletal anomalies, decrease body weight, and increase fetal resorptions.2 '-27 In this study, to examine whether caffeine, which has teratogenic effects on the fetal cardiovascular system,28 causes the distribution of cardiac MHC phenotype and, if so, to better understand the mechanisms of distribution of cardiac MHC phenotype by caffeine, the effects of caffeine, theophylline, and cAMP on the cardiac MHC isoform transitions at gene and protein levels were studied using hypothyroid adult rats (first study). Furthermore, to find out whether the effects of caffeine on the cardiac MHC isoform transitions in the fetuses are different from adults, we examined the expression of a-and f-MHC genes in the cardiac muscles of fetuses whose dams had received caffeine or thyroid hormone (second study).
Materials and Methods
Animal Experiments First study. Ten-week-old Wistar Imamichi rats, weighing approximately 300 g, were thyroidectomized and fed a diet containing 0.15% propylthiouracil throughout all the experimental periods. Four weeks after the operation, a hypothyroid condition was confirmed by measurements of body weight, blood pressure, heart rate, and thyroid hormone levels (thyroxine [T4] and triiodothyronine [T3]) in the serum. After these measurements, drug injection was started. For the first study, groups were injected with caffeine (15 [n=6] , 30 [n=6], and 60 [n=7] mg/kg body wt), theophylline (15 [n=S] , 30 [n=6] and 60 [n =6] mg/kg body wt), dibutyryl cAMP (1.0 [n=6], 1.5 [n=5], and 2.0 [n=7] mg/350 g body wt). A control group was injected with doubledistilled water (ddH2O) at 1.0 ml ddH2O per rat (n =5). Caffeine (20 mg/ml ddH2O, Nakarai Chemicals, Japan), theophylline (20 mg/ml ddH2O, Nakarai Chemicals), and cAMP (2 mg/ml ddH2O, Daiichi Seiyaku, Japan) were injected intraperitoneally once daily. At the eighth week after drug administration, the animals were killed after measurement of body weight, blood pressure, and heart rate under pentobarbital anesthesia (15.0 mg/300 g body wt i.p.). After blood sampling for the analysis of serum thyroid hormone levels, the heart was rapidly excised, and the left and right ventricles were separated and immediately frozen in liquid nitrogen. The left ventricles were subjected to analyses of MHC mRNA, isozyme, and intracellular cAMP concentration.
Second study. Ten-week-old female Wistar Imamichi rats were used. The day on which pregnancy was confirmed by a sperm-positive vaginal smear after overnight mating was considered as gestational day 0. For the second study, groups were injected with caffeine (30 mg/kg body wt, [n=17, 15 16 embryos per dam]). Caffeine and thyroxine (L-thyroxine, Sigma Chemical Co., St. Louis, Mo.) were injected subcutaneously once daily on gestational days 0-15. The pregnant rat was anesthetized by pentobarbital (15 mg/300 g body wt i.p.) on the 15th day of gestation, and the uterus was exposed through an abdominal incision within 1 hour after the last injection. The heart was then rapidly excised from the embryo, and the ventricle and atrium were separated and immediately frozen in liquid nitrogen. The ventricles were subjected to MHC mRNA analysis. The cerebrum of the embryo was also collected for measurement of caffeine and theophylline (a metabolite of caffeine) concentrations in fetal tissue. After treatment of the embryo, blood samples were taken from the dam, and thyroid hormone (T4 and T3) levels and caffeine concentrations in the serum were measured. The heart of the dam was also collected for analysis of MHC mRNA.
MHC mRNA Analysis (Nuclease S] Mapping Analysis)
Total cellular RNA was isolated from the myocardium by the hot phenol procedure29 and was stored at -20°C in ethanol. The DNA probe used in this study was the 3' end of the Pst I fragment of pCMHC miniS (P-type MHC cDNA clone).30 The results were confirmed by using the a-type MHC cDNA probe. RNA-DNA hybridization was carried out, with the DNA probe exceeding the 30 ,tg total RNA, for 18 hours at 42°C in 80% formamide. Nuclease S1 digestion was performed for 1 hour at 25°C, and the digestion products were separated by a 6% polyacrylamide/8.3 M urea-sequencing gel.31 The proportions of the a-and P-MHC mRNA were quantitated by measurement of the x-ray film density exposed from the gel by a laser densitometer (Ultroscan XL, Pharmacia LKB, Uppsala, Sweden). The proportion of each band was calculated by the area of the resolved Gaussian curves.
MHC Isozyme Analysis
Myosin was extracted from the myocardium at 4°C with Hasselbach-Schneider solution (final concentration, 0.6 M KCl, 0.1 M potassium phosphate, 10 mM sodium pyrophosphate, and 1 mM MgCl2, pH 6.4),32 gel electrophoresis in the presence of 20 mM sodium pyrophosphate, according to the modified method of Hoh et al. 9 The density of each band (V1, V2, and V3) was quantitated by a laser densitometer. The proportion of each band was calculated by the area of the resolved Gaussian curves, and the half value of V2 density was added to the values of V, and V3.
Intracellular cAMP Concentration
cAMP was extracted from the myocardium at 4°C with 6% trichloroacetic acid,33 and analysis was performed by radioimmunoassay (YAMASA cAMP kit, Yamasa Shohyu, Inc., Japan).
Levels of Thyroid Hormone in the Serum
Serum from the dam was immediately separated after blood sampling and stored at -20°C. Serum concentrations of total thyroxine and triiodothyronine were measured by radioimmunoassay (clinical assays, Baxter Healthcare Corp., Cambridge, Mass.).
Serum and Tissue Concentrations of Caffeine
The sampling of fetal blood was very difficult. A previous study suggested that the concentration of caffeine was almost the same in maternal plasma and fetal cerebrum.34 Therefore, we used the fetal cerebrum for measurement of the caffeine level in fetal tissue. In addition, we measured the concentration of theophylline, which is a metabolite of caffeine. Analyses of caffeine and theophylline were performed by highperformance liquid chromatography (Sekisui Clinical Laboratory, Japan).
Statistics
The results were expressed as mean±+SD. Statistical comparisons among more than three groups were carried out by analysis of variance and Newman-Keuls test for multiple-sample comparisons. The relative data (MHC mRNA and isozyme) were evaluated after transformation to normal distribution of values by the arcsine transformation. 35 The probability was considered to be significant at p<0.05.
Results

First Study
Confirmation of hypothyroidism. Table 1 shows body weight, mean aortic pressure, and heart rate measured at the fourth week after thyroidectomy (ust before drug administration) and at the eighth week after drug administration (just before the animals were killed). Body weight and heart rate were significantly lower than the normal control data in all groups. Figure 1 shows serum thyroid hormone (T4 and T3) levels at the same time as those shown in Table 1 . These levels were also significantly lower than normal control data in all groups. From these results, we confirmed that the animals used in this study were all hypothyroid.
Caffeine-, theophylline-, and cAMP-induced changes in cardiac MHCs and increases in intracellular cAMP concentration. Figures 2 and 3 show one result of the MHC mRNA expression and MHC isozyme distribution, respectively, in the caffeine-injected group and also show that caffeine caused accumulations of a-MHC mRNA and isoforms were separated by 3.7% polyacrylamide and MHC isozyme V,. Figure 4 shows relative levels of and T3 (bottom panel) serum levels in the caffeine, theophylline, and cAMP groups were significantly (p<0.05) low compared with levels in the Nor21 group. These results suggested that the animals used in this study were all hypothyroid. Furthermore, because there were no significant differences between the levels just before drug injection (thefourth week after thyroidectomy, open bar) and at the eighth week after drug injection just before the rats were killed (dotted bar), the drugs did not cause increases in serum thyroid hormone levels. A a 6.
- water-injected group. Furthermore, it was confirmed that theophylline was a more effective drug than caffeine. Increases in intracellular cAMP concentration in the caffeine, theophylline, and cAMP-injected groups were also recognized. Intracellular cAMP concentration in the 30 mg/kg theophylline-injected group was significantly different from that of the water-injected group ( Figure 5 ). Changes in intracellular cAMP concentration showed a positive correlation with the relative level of a-MHC mRNA in all groups (Figure 6 ). Caffeine-, theophylline-, and cAMP-induced accumulation of a-MHC with no relation to serum thyroid hormone levels. In all groups, serum T4 levels at the eighth week after drug administration showed no increases compared with the levels before drug administration (hypothyroidism), and these levels were maintained at 1.0-1.4 gg/dl (Figure 1 ). Serum T3 levels also showed no increases after drug administration and were significantly lower than normal control data. However, an accumulation of the a-MHC mRNA and an increase in MHC isozyme V, were observed in the drug-injected groups.
These results suggest that an accumulation of a-MHC was not induced by the increase in serum thyroid hormone levels. Second Study Caffeine in the fetal heart and induction of ca-MHC gene expression. Thyroid hormone is one of the most potent of the drugs that cause an accumulation of cardiac a-MHC. Therefore, we compared the effect of this drug with that of caffeine. Furthermore, in the fetuses, the mean level of a-MHC mRNA was 9.2+6.3% (this mean level was taken as 100% in the fetus [ Figure 7 , right panel]) in the water-injected group, 20.3±10.4% (220.7%) in the caffeine-injected group, and 13.5 ±9.4% (146.7%) in the thyroxine-injected group. The greatest increase in the a-MHC mRNA levels in the fetuses was observed in the caffeine-injected group, whereas in the dams, it was seen in the thyroxine-injected group. Serum and tissue concentrations of caffeine. Caffeine was detected only in the caffeine-injected group and not in the water-and thyroxine-injected groups ( Table 2 ).
This level of serum caffeine concentration in the dam is similar to that in human subjects after drinking water containing 250 mg caffeine36 (the equivalent of 2.5 cups of coffee: 250 mg/50 kg body wt, using the concentration of 100 mg caffeine/8 oz coffee).
Serum concentrations of thyroid hormone. Figure 8 shows the serum concentrations of thyroid hormone in the dams. In the thyroxine-injected group, both T4 and T3 concentrations were significantly higher than concentrations in the water-injected group. In the caffeineinjected group, the T3 concentration was significantly lower than the concentration in the water-injected group.
Discussion
Is the Accumulation of Cardiac a-MHC Gene Expression Caused by Caffeine Mediated Through the Intracellular Effect of cAMP?
Caffeine and other related methylxanthines inhibit phosphodiesterase and therefore increase the level of cellular cyclic nucleotides.3738 This increases and prolongs the intracellular effects of cAMP. [39] [40] [41] In the first study, to evaluate the mechanisms of the effect of caffeine on the cardiac MHC isoform transitions, we examined the effects of caffeine, theophylline (a metabolite of caffeine), and cAMP on the cardiac MHC isoform transitions at the gene and protein levels using hypothyroid adult rats. Cardiac MHCs are the largest contractile proteins and the ones most closely related to cardiac contraction and hemodynamic changes. Furthermore, because there are no reports examining the effects of caffeine on cardiac MHC gene expression in vivo, we undertook this study. The results showed that caffeine, theophylline, and cAMP caused accumulations of a-MHC compared with the control condition ( Figure  4) . A previous study42'43 that demonstrated that cAMP induces the expression of a-MHC mRNA in primary cultured cells supports our results in vivo. In this first study, we measured intracellular cAMP concentrations in all groups. The results showed that intracellular cAMP concentration tended to increase with the administration of caffeine, theophylline, or cAMP, compared with the administration of water ( Figure 5 ). This result is supported by the findings of previous studies.3738 Furthermore, a positive correlation was observed between the relative level of a-MHC mRNA and intracellular cAMP concentration in the caffeine-, theophylline-, and cAMP-injected groups. These results suggest that an accumulation of a-MHC induced by the administration of caffeine or other related methylxanthines is possibly mediated by the intracellular concentration of cAMP.
In general, it is known that methylxanthines, including caffeine and theophylline, cause increases in heart rate and cardiac output in fetal rat and embryonic chick hearts. 44, 45 In the chick embryo, however, cAMP (dibutyryl cAMP) did not change the blood pressure (authors' unpublished data). In this study, the heart rates of drug-injected groups at the 12th week after thyroidectomy (the eighth week after drug administration) were compared with those of the water-injected group. The heart rates tended to increase in the caffeineand theophylline-injected groups but did not increase in the cAMP-injected group (Table 1) . Therefore, we think that cAMP directly regulates a-MHC without increasing heart rate.
Rall37 reported that methylxanthines inhibit cyclic nucleotide phosphodiesterases and that the order of potency for the naturally occurring methylxanthines is theophylline>caffeine. In this study, the fact that the level of a-MHC in the theophylline-injected group was greater than that in the caffeine-injected group ( Figure  4 ) might reflect this phenomenon. Is the Accumulation of Cardiac a-MHC After the Administration of Caffeine, Theophylline, and cAMP Related to Serum Thyroid Hormone Levels?
Thyroid hormone is one of the most potent regulators of cardiac MHC gene expression.46 Therefore, we examined whether accumulation of cardiac a-MHC mRNA expression and MHC isozyme V, by the administration of caffeine, theophylline, or cAMP has any relation to serum thyroid hormone levels. The results showed that serum concentrations of thyroid hormone both just before and at the eighth week after drug administration were significantly low compared with normal control data (Figure 1 ). Furthermore, there were no significant differences in serum concentrations just before and at the eighth week after drug administration in all groups (Figure 1 ). However, an accumulation of a-MHC was observed with the administration of methylxanthine or cAMP, whereas no accumulation of a-MHC was observed in the water-injected group. In the pregnant rats, caffeine caused no increase in serum thyroid hormone levels (Figure 8 ). However, an accumulation of a-MHC mRNA was observed in both dams and fetuses. These results suggest that an accumulation of a-MHC was not induced by increases in serum thyroid hormone levels but was induced by the administration of caffeine, theophylline, or cAMP or by caffeine, which had crossed the placenta into the fetal circulation.
o Does Caffeine Cause the Induction of a-MHC Gene Expression in the Heart During Pregnancy?
Next, we examined the expression of the a-and j3-MHC genes in the cardiac muscles of fetuses whose dams had received caffeine. The results showed that the relative level of the a-MHC mRNA was more than doubled by the administration of caffeine (Figure 7 ) compared with the level in the water-injected group, which was very low (9.2±6.3%). There is a close correlation between the relative amounts of the a-and 3-MHC mRNAs and the corresponding isozymes. The changes in the MHC isozyme type can be detected one day after the changes in MHC mRNA,4 and increases in MHC isozyme V1 paralleled the increases in blood flow velocity and cardiac contraction.47-49 Therefore, it is likely that the increase in MHC isozyme V1 during cardiac muscle contraction, which occurs within a relatively short time after caffeine administration, may also affect the increase in heart blood flow during fetal development.
Further study is needed to elucidate how regulation of the induction of a-MHC gene expression is induced by caffeine or cAMP.
